The recovery of lithium from hard rock minerals has received increased attention given the high demand for this element. Therefore, this study optimized an innovative process, which does not require a high-temperature calcination step, for lithium extraction from lepidolite. Mechanical activation and acid digestion were suggested as crucial process parameters, and experimental design and response-surface methodology were applied to model and optimize the proposed lithium extraction process. The promoting effect of amorphization and the formation of lithium sulfate hydrate on lithium extraction yield were assessed. Several factor combinations led to extraction yields that exceeded 90%, indicating that the proposed process is an effective approach for lithium recovery.
Introduction
Strategic and critical metals are of great importance given their application in emerging technologies. New metal sources must be identified and existing extraction technologies must be optimized to ensure the continued supply of these metals to a growing market. Although lithium is not classified as a critical element in some lists (such as in the European Union), it is a strategic metal due to its relevance in energy and mobility. Specifically, lithium is used as a raw material for batteries for plug-in hybrid and electric vehicles, as well as for electrochemical energy storage.
Natural lithium resources include brines and pegmatite minerals. For many years, brine exploitation has been sufficient to fulfill the global lithium demand. Lithium recovery from hard rock minerals, however, has attracted interest again, and several studies on this topic have been reported. In these studies, a salt-roasting step is used as an important alternative to the traditional process of calcination. The salt-roasting step is then followed by water leaching. The utilization of additives has decreased calcination time and temperature, although calcination temperatures still range from 800 to 1000C [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . The majority of these studies involve the mineral lepidolite, an important lithium resource that has recently gained attention as an alternative to spodumene, the most common mineral source of lithium.
Despite the scientific advances mentioned above, the proposed processes always involve an economically and environmentally unfavorable high-temperature step. Therefore, this study applied an alternative process that involves mechanical activation followed by acid digestion and water leaching to extract lithium from lepidolite. Vieceli et al. [16] have previously discussed the effects and associated transformations of this process. This process is a noteworthy approach to lithium extraction from lepidolite concentrate because it allows the replacement of high-temperature calcination. The present study aimed to evaluate and optimize the factors that affect the digestion of an activated lepidolite concentrate. Factorial design and response surface methodologies were utilized to achieve this objective.
Methodology

Materials
A sample of lepidolite concentrate (1.95wt% Li or 4.20wt% Li 2 O, the maximum grain size of 500 µm, and the average particle size of 200 µm) was obtained through the froth flotation of a lepidolite ore from a mine located in the Gonçalo region, in Portugal. The chemical composition of the sample is presented in Table 1 . In addition to the elements Li, K, and F contributed by lepidolite, other elements present in the sample contributed by different mineral phases, namely Na from albite. Given that the only aim of this study is the optimization of lithium extraction, the behavior of other metals and their further processing, separation, and recovery are not reported in this paper and will instead be investigated in further studies.
Using a rotary splitter, the lepidolite concentrate was divided into homogeneous samples of 5 g each, in consideration of the required minimum representative mass. All chemicals used were of analytical grade. Demineralized water was utilized for solution preparation and analytical procedures. 
Mechanical activation and acid digestion
Approximately 200 g of lepidolite concentrate samples were initially submitted to mechanical activation through dry grinding in a steel-disk mill (N.V. Tema). The material was ground through horizontal vibration, friction, and impact forces within minutes without the generation of dust and the loss of fine particles [17] . The mechanical activation time was varied in accordance with the factorial design described in section 2.4.
The activated samples (approximately 5-10 g) were then digested with H 2 SO 4 (98%) in a pre-heated furnace. The digestion time, temperature, and mass ratio of acid/concentrate were varied in accordance with the factorial design presented in section 2.4. The digested samples were then water leached at a solid/liquid ratio (S/L) of 1:10 (weight/volume) in 250 mL closed glass flasks on a thermostatic orbital shaker for 4 h at 80°C and a rotation speed of approximately 100 r/min. The leaching conditions were kept constant given that the purpose of the leaching step is to extract the water-soluble lithium compounds produced during digestion. After leaching, 4 mL aliquots of each sample were collected and centrifuged for 5 min. The supernatant was then analyzed for the estimation of lithium content and its extraction efficiency. All tests and unit operations were performed on a laboratory scale.
Characterization techniques
The structural changes and mineral composition of the samples were evaluated through X-ray powder diffraction (XRPD), which was performed using a PANalytical XPERT-PRO diffractometer (Cu K α  radiation, scan step size of 0.050°, step time 150 s, and generator settings of 35 mA and 40 kV). The X'PERT HIGHSCORE PLUS software and PDF4 database were used to interpret the analytical results. Scanning electron microscopy (SEM) with secondary electron imaging (JEOL JSM 7001F microscope, 15 kV) was carried out to evaluate the morphological transformations of the samples, which were metallized using Cr. Laser-diffraction particle analysis was used to determine the particle size distribution (CILAS, 1064, liquid mode). Lithium content and its extraction yield in the leached solutions were determined through chemical analysis with atomic absorption spectrometry using a SOLAR 969 AA Spectrometer (Thermo Elemental).
Experimental design
The factors evaluated in this study were selected on the basis of the results of preliminary tests. Mechanical activation, digestion time, digestion temperature, and mass ratio of acid/lepidolite concentrate were selected as variables to model and optimize the lithium extraction process.
Initial tests were conducted using the full 2 k factorial design of experiments with a first-order design of experiments comprising four factors (k = 4) with two levels each (2 4 factorial design). n C (n C = 4) replicates of experiments at the central level of the factors (central points) were added to estimate the experimental error. The experimental design was then expanded by the addition of 2k axial variable combinations at a distance of α = 1 from the design center, resulting in a face-centered central composite design. All tests were performed randomly.
The coefficients of a linear second-order regression model were fitted with the process response (Li extraction yield, y) through the linear least-squares method. Only statistically significant variables (p-value smaller than the significance level of 0.05) were inserted in the model. The significance of the regression model was assessed through analysis of variance (ANOVA), whereas the significance and inadequacy of the adjusted model was evaluated through the F-test and lack-of-fit test (LOF), respectively. The existence of curvature was assessed through hypothesis testing. The
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variance accounted for the model was evaluated with the coefficient of determination (R 2 ). Response surface methodology was used for process optimization. The projection of contour plots, which represent the response surface through the lines of constant response on a plane generated by the combination of pairs of variables, was used to support interpretations. The sequential procedure of response surface methodology has been discussed by Montgomery [18] .
Results and discussion
Factorial design of experiments and regression modeling
The conditions of the factorial design of experiments and the respective responses of lithium extraction in each test are presented in Table 2 . In this table, tests 1 to 16 are the base 2 4 design, tests 17 to 20 are the central point of the design used to assess experimental error, and tests 21 to 28 are the axial points.
An analysis of the results shown in Table 2 revealed that the mechanical activation of lepidolite effectively promotes its reactivity in acid media without a high-temperature thermal transformation step. Li extraction yield exceeded 95% under optimal conditions but considerably decreased (e.g. 30%) under other factor combinations.
The experimental data were used to fit the parameters of a second-order model representing the lithium extraction process. The model is expressed by Eq. (1) The ANOVA results of the adjusted model are presented in Table 3 . The presence of a curvature was verified through pure quadratic curvature testing (p-value = 0.021), and the experimental data fitted a second-order model. The significance of the regression model was verified on the basis of the F-value of the Fisher-Snedecor test. LOF test was used to assess the model adequacy but the result was below the significance level of the test (α = 0.05). This result indicated that the variance of the residual error is higher than the estimated variance for the experimental error because of the small variation in the results at the central level, thus leading to a very low experimental error. The standardized effects of the evaluated variables were plotted using Excel software and are represented as horizontal bars in the Pareto chart shown in Fig. 1 . These effects, which were obtained by dividing each coefficient by its standard error, correspond to the t-statistic values. The coefficient of a coded factor represents half of that factor effect. Thus, to be considered statistically significant, a variable should have a p-value less than the significance level of 0.05 (confidence level of 95%). In Fig. 1 , a dashed line indicates the significance level set in this study. The standardized effects of highly significant variables are located further to the right of the dashed line. x 1 (activation time), x 3 (mass ratio of acid/concentrate), and x 4 (digestion temperature) were identified as the factors with high standardized effects on Li extraction yield. These main variables had a positive effect on the lithium extraction yield, indicating that Li extraction yield increases with the increasing level of these variables. Activation time is the most significant factor: for example, activation times of 2.0 and 15.0 min yielded average Li extraction values of 40% and 78%, respectively. The mass ratio of acid/concentrate is the next most significant factor. The interaction effect of x 1 and x 4 is also significant and had a negative effect on the response. However, given that x 1 and x 3 have the most significant effects on Li extraction yield, the effect of the negative interaction between high levels of x 1 and x 3 is not evident. High Li extraction yield values were reached under all temperatures. The interaction effect of x 3 and x 4 and the effect of 2 3 x were also considered in the model because their p-values are slightly lower than, but very close to, the significance level.
The goodness-of-fit of the model was evaluated using the coefficient of determination R 2 . R 2 was equal to 0.95, which indicated that the model accounts for 95% of the variability in response. The relationship between the responses predicted by the model and the experimentally observed responses is presented in the scatter plot in Fig. 2 . The chart demonstrates that the model fits the experimental data well. 
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The goodness-of-fit of the regression model to the experimental data was also determined through residual analysis (Fig. 3) . According to Montgomery [18] , if the model is adequate, the residuals should be unstructured and contain no obvious patterns. In addition, several types of model inadequacies and violations of the underlying assumptions can be revealed through residual analysis.
The histogram shown in Fig. 3(a) illustrates that the residuals are normally distributed although the shape of the histogram fluctuated. Montgomery [18] stated that this fluctuation often occurs with small samples and a moderate deviation from normality does not necessarily suggest a serious violation of assumptions. Moreover, the normal probability plot in Fig. 3(b) resembles a straight line, indicating that the residual distribution is approximately normal. The tendency of the plot to slightly decline on the left side and slightly incline on the right side indicates that the tails of the distribution are thinner than expected in a normal distribution. Therefore, although the largest residuals are not quite as large as anticipated, this behavior is not grossly non-normal [18] . The plot of the residuals versus the observation order is presented in Fig. 3(c) . This plot shows that the residual seems to be generally random, confirming the independence of the errors and the absence of correlation. The residuals were also plotted against the fitted values ( Fig. 3(d) ) to determine if they are structureless and unrelated to the response. No pattern is revealed by the plot. Thus, the residuals are randomly distributed and the modeling errors are normally and independently distributed.
Response surfaces
Response surfaces were generated to better understand the responses of lithium extraction to different variables, and contour plots were used to provide a clear and visual representation of the response surfaces. Contour plots were constructed with the variable x 1 (activation time) kept constant at three different levels (low level: 2.0 min; standard level: 8.5 min; high level: 15.0 min) and are shown in Figs. 4-6 . The levels of variables x 3 (mass ratio of acid/concentrate) and x 4 (digestion temperature) were changed from low to high. Contour plots with pairs of variables and their respective responses, whose values are expressed in the scale on the left side of the plots, were thus constructed. Fig. 4 shows the variation in lithium extraction response at the activation time of 2.0 min. Lithium extraction yield increased with digestion temperature (x 4 ) and mass ratio of acid/concentrate (x 3 ). The highest Li extraction yield of 87% was obtained with the highest levels of roasting temperature (200C) and mass ratio of acid/concentrate (1.30 g/g). On the other hand, the lowest Li extraction yield of 37% was obtained with the lowest levels of digestion temperature and mass ratio of acid/concentrate.
Fig. 4. Contour plot representing Li extraction yield when activation time (variable x 1 ) was fixed at 2.0 min (low level).
The response of Li extraction yield to digestion temperature and mass ratio of acid/concentrate when the activation time was 2.0 min was similar to that when the activation time was 8.5 min (Fig. 5) . The lowest Li extraction yield of 61% at 8.5 min of activation time was obtained with the lowest level of digestion temperature and mass ratio of acid/concentrate (70C and 0.32 g/g, respectively). The Li extraction yield, however, exceeded 95% at the highest levels of digestion temperature and mass ratio of acid/concentrate. The variation in Li extraction yield at the highest level of activation time is shown in Fig. 6 . The significant effect of activation time can be seen in the contour plots, where multiple combinations of factors that lead to high Li extraction yield values can be identified. In this case, Li extraction yield also increased with digestion temperature and mass ratio of acid/concentrate. Extraction yield did not considerably vary with digestion temperature at the mass ratios of acid/concentrate of 0.32 to 0.89. Above these values however, extraction yield increased with digestion temperature. The obtained model overestimated responses: above 100% in this case.
Inspecting the contour plots revealed that the maximum value of Li extraction yield was obtained with the mass ratio of acid/concentrate of 1.30 g/g (+1), digestion temperature of 190°C (+0.85), and activation time of 15.0 min (+1). However, given that high extraction yields can be obtained with different combinations of multiple factors, the best factor combination that maximizes lithium extraction and profit should be selected. Milling time will change when optimizing and scaling-up the grinding step (mechanical activation) from a laboratory-scale disc mill to an industrial high-energy mill because grinding depends on the characteristics of the equipment employed. By contrast, large-scale acid consumption will likely not vary from laboratory-scale acid consumption because it is strictly related to the mass ratio of the lepidolite mass.
Considering the stoichiometric ratio of acid to Li in the lepidolite concentrate, 137 g of sulfuric acid (98%) is required to react with 1 kg of lepidolite concentrate (1.95% Li). However, in this work, the amount of acid, which varied from 320 g acid/kg lepidolite concentrate to 1300 g acid/kg lepidolite concentrate, corresponds to an excess of sulfuric acid. Therefore, given the use of excess acid and the high cost of acid consumption, recycling excess non-reacted acid can decrease reagent costs. Moreover, the recycling technology can be used to treat wastewater from the process. An electromembrane process, such as electrodialysis, can be used to regenerate acid after purification and lithium recovery. This process has been effectively proposed at the industrial scale [19] .
Acid recovery is crucial because sulfuric acid consumption is likely one of the most significant operating costs of the lithium extraction process. A preliminary estimation showed that typical costs related to acid consumption range from 30 to 120 €/t, whereas the energy requirements for high-energy grinding would cost 40 to 50 €/t.
Product characterization
Activation time is the most significant variable that influences lithium extraction. The initial concentrate and an activated sample were subjected to SEM analysis to better understand the influence of activation time on lithium extraction. SEM analysis revealed that the typical lamellar morphology of lepidolite had disappeared and was modified (Fig. 7) . Particle size decreased as confirmed by laser-diffraction particle analysis, which showed that the average particle size (d 50 ) of the initial sample decreased from 200 µm to approximately 7 µm after 8.5 min of mechanical activation. As observed by Mustafa et al. [20] , who studied the dolomite and limestone mechanical activation, extending the grinding time caused the sharp edges and corners of particles to be trimmed off and become rounded. The resulting morphology of the particles facilitates particle agglomeration, which can result from interactions among fine particles through Van der Waals forces. The chemical reaction involved in acid digestion cannot easily be represented by an exact equation because of the following reasons. First, lepidolite itself has a variable composition, and some elements, such as aluminum, can occupy different positions in its mineral structure. Second, after activation, the mineral becomes amorphous or nanocrystalline and its structural data cannot be determined. Moreover, the final silicate residue is amorphous. Thus, its exact structural composition is also unknown. However, two possible digestion mechanisms of lepidolite were considered to approximate the complex reaction process. These mechanisms are presented as follows in Eqs. (2) The difference between the two equations is related to the type of aluminum atoms that can react (or not react) with the acid. The first type of Al atoms are those in the cross-link positions of silicon tetrahedron sheets (the same positions as lithium). The second type of Al atoms are those in the equivalent positions to the silicon in the tetrahedron sheets. Therefore, aluminum atoms probably do not have the same reactivity depending on their positions. Eq. (2) represents the transformation that occurs when only the first type of Al atoms reacts to form sulfate. The remaining Al is in the residual silicate. Eq. (3) reflects the case when all the Al atoms are transformed to sulfate.
Fluorine was not considered in the proposed mechanisms because a previous study [16] revealed that mechanical activation seems to have an analogous effect as thermal treatment and can induce defluorination.
The XRPD patterns of the initial concentrate, a sample that was mechanically activated for 15.0 min, and an acid-digested sample are shown in Fig. 8 . After 15.0 min of grinding in the disc mill, the sample became amorphous due to mechanical activation, which promotes mineral reactivity. According to Baláž [21] , amorphization is a highly distorted periodicity of elements and is characterized by short-range order in contrast to the long-range order of a crystalline structure. Potassium alum, rostite (Al(SO 4 )(OH)·5H 2 O), and lithium sulfate hydrate are the main products present in the sample that was mechanically activated for 8.5 min and then acid-digested for 1.13 h at 135°C at a mass ratio of acid/concentrate of 0.81 g/g. The formation of lithium sulfate hydrate represents an important aspect of the process because its high water solubility can favor the extraction of lithium from the resulting product.
Conclusions
The factors that significantly affect the process of lithium extraction are: activation time (x 1 ); mass ratio of acid/concentrate (x 3 ); digestion temperature (x 4 ); the interaction effect of factors x 1 with x 4 , x 3 and x 4 ; and the quadratic effect of variable x 3 (effect of 2 3 x ). The highest lithium extraction yield was achieved under the optimal conditions as follows: mass ratio of acid/concentrate, 1.30 g/g; activation time, 15.0 min; and 190°C. Given that high extraction yields can be achieved with different combinations of multiple factors, the best factor combination that maximizes lithium extraction and profit should be selected.
The amorphization of the sample and formation of lithium sulfate hydrate were verified through XRDP analysis. These two processes could promote mineral reactivity and lithium extraction. Therefore, the proposed process for the extraction of lithium from lepidolite through mechanical activation followed by acid digestion and water leaching is an innovative alternative that does not require high-temperature calcination.
